The functional significance of cardiac ATP-sensitive potassium channels remains controversial because of the discrepancy between the low levels of ATP at which activation of the channels occurs and the much higher levels of ATP maintained during myocardial ischemia. We studied the effects of (+)-lactate, which accumulates in large quantity as a result of increased glycolysis during ischemia, on ATP-sensitive potassium channels in adult guinea pig ventricular myocytes using the wholecell patch-clamp technique. Lactate at 20-40 mM in the internal solution activated ATP-sensitive potassium channels and shortened action potential duration. Activation of the channels occurred even in the presence of 2-5 mM ATP in the internal solution and was dependent on intracellular free magnesium levels. Our results suggest that intracellular lactate may play a significant role in activating cardiac ATP-sensitive potassium channels and shortening action potential duration even at ATP levels similar to those resulting from moderate to severe myocardial ischemia. (J.
Introduction
It is well established that ATP-sensitive potassium (KATp) channels in cardiac cells are activated when cytosolic ATP concentrations fall below a critical level (1, 2) . The opening ofthese potassium channels has been implicated as a potential cause for shortening ofthe action potential duration and the marked increase in K+ efflux observed during myocardial ischemia. However, a major problem with this hypothesis arises from the discrepancy between the ATP levels measured during myocardial ischemia and the level at which activation of KATP channels occurs. In excised cardiac membrane patches or whole-cell recordings, KATn channels open only when the ATP level is reduced to < 1 mM (1-3). During myocardial ischemia or metabolic inhibition, however, intracellular ATP decreases only to 2-5 mM from a normal level of 8 mM (4, 5) . One explanation for this discrepancy, among others (6, 7) , is that metabo-lites generated during ischemia or metabolic inhibition may markedly reduce the sensitivity of KAT channels to ATP (3, 6, 8) . During myocardial ischemia increased glycolysis results in the accumulation ofa large amount ofintracellular lactate. The present study was undertaken to determine whether lactate ac- tivates KATP channels in the presence ofrelatively high concentrations of ATP.
We used the whole-cell patch-clamp technique to examine the effects of intracellular lactate on membrane currents in guinea pig ventricular myocytes. We found that intracellular application of lactate activated the ATP-sensitive potassium current (ICATp) and shortened the action potential duration. Activation of IK'T by lactate occurred even in the presence of 2-5 mM ATP in the patch-clamp pipettes and was highly dependent on intracellular free magnesium levels. These results suggest that lactate produced by glycolysis may contribute to the opening of KATP channels and the shortening of the action potential duration at ATP levels resulting from moderate to severe myocardial ischemia.
Methods
All experimental procedures were approved by the San Francisco Veterans Affairs Medical Center's Committee on Animal Research.
Cell preparation. Adult guinea pig ventricular cells were enzymatically isolated with collagenase as previously described (9 Electrophysiological experiments. Membrane currents and potential were recorded in the whole-cell configuration (1 1). Pipette resistance ranged from 0.8 to 2.8 MO. [1] [2] [3] [4] GO seals were usually achieved between the pipette tips and the cell membrane. Data acquisition and analysis were performed as previously described (9, 12) . All experiments were performed at room temperature (22-24°C) .
Results
Effects oflactate on transmembrane action potential and membrane holding current. Fig. 1 shows the effects oflactate on the action potentials and membrane holding current. Myocytes Cardiac KATP channels have been shown to be blocked by sulwere internally dialyzed with and without lactate in the internal solution. Action potentials were elicited using the currentclamp mode. When 20 mM lactate was present in the internal solution, an obvious shortening of the action potential duration was evident 15 min after rupture ofthe membrane patch, followed by a dramatic decrease at 17 min ( Fig. 1 A, right) . The cell became inexcitable within 30 s after the recording at 17 min. A similar phenomenon was observed in all four cells internally perfused with lactate. In contrast, when lactate was absent in the internal solution, the action potential essentially remained unchanged between 5 and 15 min ( Fig. 1 A, left) . A slight reduction in the action potential duration was observed at 30 min. This reduction in the action potential duration was probably due to L-type calcium current rundown and loss of some intracellular constituents. Fig. 1 B shows changes in the holding current induced by internal dialysis with 20 mM lactate. When the membrane potential was clamped at -40 mV, a small outward holding current (Ih) was recorded after rupture ofthe membrane patch. A gradual outward shift in the holding current was evident within 10 min and was followed by a rapid increase to -2 nA. Soon after Ih reached a maximum, a slow decrease of Ih began. The average time for the increase in Ihto occur was 16.2±1.6 min (mean±SE, n = 16). In the absence of (13) and glyburide (14) . Accordingly, we examined the effect of glyburide on the outward current induced by intracellular lactate. Cells were internally perfused with 40 mM lactate with or without 100 IAM glyburide. The mean magnitude of the outward current elicited by a 380-ms clamp step from -40 to 20 mV is shown in Fig. 3 . In cells internally dialyzed with 40 mM lactate, a very large outward current was activated in < 10 min. Glyburide significantly reduced the magnitude ofthe outward current at 10 and 15 min of recording (P < 0.05). Lactate-induced activation ofthe KATP current in the presence ofA TP. Although lactate production via glycolysis is increased during myocardial ischemia, ATP content at the time of action potential shortening is maintained at relatively high levels (4, 5) . In an attempt to determine the functional significance of KATP channel activation by lactate, we examined the effects oflactate on KAT channels in the presence ofATP. Fig.   4 shows examples ofcurrent-voltage relations ofKATP channels obtained from cells internally perfused with varying concentra- (Fig. 4 B) . (Fig. 4 C) . A further increase of Mg2" to 1.1 mM resulted in complete blockade ofthe IKATp in all four cells tested (Fig. 4 D) . In the absence ofATP in the internal solution, however, Mg2+ even at a concentration of 1.1 mM failed to inhibit activation of KATp channels by lactate (Fig. 2) . Data shown in Moreover, it is estimated that activation of only 5% of KATP channels will result in changes in action potential duration (17) . However, in the whole-cell configuration, Noma (e) It is suppressed by glyburide. The outward current does not represent a chloride current under our experimental conditions (18) . In the experiment shown in Fig. 1 B, for example, the external and internal CQ-concentrations were 148 and 126 mM, respectively. The equilibrium potential for chloride was therefore 4 mV. At a holding potential of -40 mV, activation of chloride channels by lactate would result in an inward shift ofthe holding current, as opposed to the marked outward shift shown in Fig. 1 suggesting a direct role oflactate in the activation ofKAT channels (Table I) . During myocardial ischemia tissue ATP content decreases as lactate content increases. Subendocardial ATP decreases from a control value of25 to 9 and 7 Amol/g dry weight after 10 and 20 min of sustained ischemia, respectively (4). Tissue lactate content increases from 12 to 101 and 175 gmol/g dry weight at the same time intervals (4) . We asked whether the ATP and lactate concentrations we used are similar to those measured in experimental ischemia. The concentration of ATP and lactate in millimeter can be estimated as follows (5): (ATP or lactate gmol/g dry wt) X (1 g dry wt/5 g wet wt) X 0.58 ,d myoplasmic volume/g wet wt. Accordingly, after 10-20 min sustained ischemia, subendocardial ATP decreases from 8 to 2-3 mM while lactate increases from 4 to 35-60 mM. These values are virtually identical to those used in our experiments.
At present, the mechanisms underlying the lactate activation of the KATP channel have yet to be defined. There are several possibilities. First, diffusion of lactate into the cytosol may interfere with ATP production via glycolysis, thereby depleting the ATP pool. The basal metabolic rate of quiescent myocytes is very low and glycolysis, as measured by the rate of lactate formation, is negligible (19) . Therefore, under our experimental conditions, inhibition of glycolysis by lactate, if present, would minimally affect ATP production. Moreover, incubation of isolated rat cardiac myocytes under anoxic conditions with 50 mM lactate fails to affect cell ATP content, which suggests that the effect of lactate on glycolytic rates is minimal (20 
